Abstract
and temperature increases thermal conductivity. The performance of a plate heat exchanger using nanofluids was studied by Pantzali et al. [8] . Balla et al. [9] performed the numerical study of the enhancement of heat transfer for hybrid copper based nanofluids flowing in a circular pipe with constant heat flux. The thermal conductivity of Fe 3 O 4 nanoparticles were investigated experimentally by SyamSundar [10] with ethylene glycol-water system at room temperature. Nizar Ahammed [11] studied measurement of thermal conductivity of graphenewater nanofluid using a transient hot wire technique at temperatures below and above ambient conditions ranging from 10 °C to 50 °C. The results showed an enhancement in the thermal conductivity of 37.2% for 0.15% volume concentration of graphene at 50 °C when compared with that of the water at the same temperature. Wang et al. [12] used Steady-state method to measure thermal conductivity of Al 2 O 3 /ethylene glycol nanofluids. Lambda Instruments was used by Aravind et al. [13] for the measurement of thermal conductivity of MWCNT nano particles over ethylene glycol.
Several studies comprising of application of nanofluids in heat transfer for improving their efficiency have been found in the literature. However, the works related to the application of factorial design methods to determine the influence of various factors on the thermal conductivity of nanofluids are not often found in literature. This paper highlights application of the principles of 2 3 factorial design with consideration of the factors hot fluid inlet temperature, graphene nanofluid concentration and hot fluid flow rate on thermal conductivity of graphene/water nanofluid. Moreover, Normal Plot, Pareto Chart, Residual Plots, Main Effects and Interaction Plots, Contour Plots were drawn with thermal conductivity of graphene/water nanofluids as a response factor.
Experimental and statistical procedure 2.1 Experimental setup
The experimental set up consists of Hot water tank (20 L), Cold water tank (15 L), two pumps, two flow meters, four thermocouples and a corrugated Plate Heat Exchanger (PHE), which is shown in Fig. 1 .
The inlet and outlet temperatures of hot and cold side fluids were measured. Rota meter was used to measure and control the flow rates.
Determination of thermo physical properties
After conducting experiments according to the various combinations of input parameters [14] given by MINITAB factorial design of experiments, the thermo physical properties of nanofluids were calculated from the correlations given in the equations from (1) to (4) .
To evaluate the density (ρ) of nanofluid , Pak and Cho's equation [15] is used as given below:
The specific heat capacity (C p ) of nanofluid was calculated by Xuan and Roetzel's equation [16] as follows:
Einstein equation [17] can be used to determine the viscosity of fluids including spherical particles in less than 5% volume concentrations:
To determine the thermal conductivity of nanofluid, Maxwell model [18] is used as follows:
For all the calculations, the fluid properties are evaluated at bulk mean temperatures of hot and cold fluids.
Experimental Design: Input parameters and their levels
In a full factorial experiment, responses are measured at all combinations of the experimental factor levels. The combinations of factor levels represent the conditions at which responses will be measured [19] . Each experimental condition is called a "run" and the response measurement is an observation [20] . The entire set of runs is the "design". In the present study a 2 3 (two-level, three-factors) full factorial design was employed with two replications [21] . This resulted in 8 unique experimental conditions with two replications each, which leaded to a total number of 16 runs. Table 1 provides the design summary for the study and Table 2 illustrates the controllable parameters and their respective levels used in the present study. Base design 3.8
Number of experimental runs 16
Replicates 2
Blocks 2 (1)
(4) 2.4 Data analysis MINITAB software was used to generate the testing order and to assist in processing the experimental data . Statistical analysis was performed in order to investigate the significance of the input variables and their interactions on the output response. The ANOVA was adopted for testing the significance of main effects and interaction on response. Table 3 exhibits the design layout and experimental results of 2 3 factorial design. The observed thermal conductivity values of graphene/water nanofluids were compared with the different metal and metal oxide nanofluid thermal conductivities presented in a literature. It is observed from the literarure study that the thermal conductivity increases with an increase in temperature and volume concentration of nanoparticles; a similar trend has also been noticed by our study. From the results of researchers, it is observed that graphene/water nanofluids has higher thermal conductivity than meatal oxide nanofluids such as Fe 3 O 4 /water [10] , Al 2 O 3 /water [22] and TiO 2 /water [23] . But most of the metal nanofluids such as Cu/water [24] and Ag/water [25] have a higher thermal conductivity value than graphene/water nanofluids. This is due to the high energy free electrons, rapid molecular collisions and boundary diffusions lead to higher thermal conductivity due to suspension of solid nano particles. However, the use of pure metallic nanoparticles in fluids causes the problems of stability issues. Hence it is suggested that instead of using a high volume concentration of metal oxide and pure metal nano particles, a low volume concentration of graphene can be used as the heat transfer fluid for enhancing the thermal conductivity.
3 Results and Discussion 3.1 Standardized Effects for thermal conductivity of graphene/water nanofluids using Normal Plot and Pareto Chart
Normal Plot and Pareto Chart of the standardized effects are obtained to compare the significance of each effect [26] . Fig. 2 (a) and Fig. 2 (b) demonstrates the Standardized Effects Plots for the response thermal conductivity of graphene/water nanofluids. According to the Normal Probability Plots, Important effects are larger and further from the fitted line than unimportant effects. Points far away from the line likely represent the "real" fact or effects [27] . A Pareto Chart can be constructed by segmenting the range of the data into group. The relative importance of the effects to compare the relative magnitude and the statistical significance of both main effects and their interactions is also observed on the Pareto Chart. Any effect that extends past this reference line is potentially important.
Hence Normal Plot and Pareto Chart of the Standardized Effects shows that the terms A, B and AB (Interaction of A and B) are significant, ie., the factors hot fluid inlet temperature (A), nanofluid concentration(B) and interaction of AB are significant, however the hot fluid flow rate (C) is not significant for thermal conductivity.
Residual Plots for thermal conductivity of graphene/water nanofluid
The Residual Plots for thermal conductivity of graphene/ water nanofluid are illustrated in Fig. 3 , which shows the normality of the data and that the other assumptions of the test are being met . The Plot of normal probability shows if residuals follow a normal and independent distribution. In this plot, points must follow a straight line . By considering Fig. 3 , it is observed that error values related to response variable of thermal conductivity are almost along with the straight normal line and it shows the error distribution is normal.
ANOVA analysis
Analysis of Variance (ANOVA) on the thermal conductivity of graphene/water nanofluid was used to check the significance of the model [28] . Table 4 shows the statistical results of the thermal conductivity of graphene/water nanofluid obtained using ANOVA.
R
2 value closer to 1 indicates a good fit model based on good data [29] . The R square in this study was 0.984 that showed this model could account for over 0.984 of the variability in the response. The adjusted R-squared (R 2 -adj) were also very high (0.97), which confirms that the model is highly significant [30] . Also, the R-squared (R 2 ) and the adjusted R-squared (R 2 -adj) are close to each other, which show that the model does not include insignificant parameters. 
Effects of operating conditions
The analysis of variance table gives a summary of the main effects and interactions. MINITAB displays both the sequential sums of squares (Seq SS) and adjusted sums of squares (Adj SS). A main effect occurs when the mean response changes across the levels of a factor. Main Effects Plots are used to compare the relative strength of the Effects across factors. Fig. 4(a) and Fig. 4 (b) show the Main Effects and interactions of the hot fluid inlet temperature and nanofluid concentration on thermal conductivity of graphene/water nanofluids.
Contour Plots
The Contour Plots indicate that the highest thermal conductivity is obtained when hot fluid inlet temperature and nanofluid concentration are high. This area appears at the upper right corner of the plot. Fig. 5 shows the Contour Plots that show the interaction effect of hot fluid inlet temperature (A) and nanofluid concentration (B) on thermal conductivity. As can be observed, by increasing A and B, the thermal conductivity has an increasing pattern.
The figure also shows that that the descending trend of thermal conductivity with nanoparticle concentration is more noticeable at the higher levels of nanofluid concentration. At higher temperatures, the random motions of nanoparticles go up and cause the energy transferred faster inside the nanofluid.
Conclusion
In this research, thermal conductivity of graphene/water nanofluid was examined by 2 3 factorial design by using MINITAB software. In order to find the effects of thermal conductivity of nanofluids, three factors with two levels of 35°C and 85°C, 0.1 and 1.0% and 2 lpm and 10 lpm were considered for hot fluid inlet temperature, nanofluid concentration and hot fluid flow rate respectively. The use of factorial design allowed for identification of the most significant factor under test conditions. ANOVA revealed the hot fluid inlet temperature and nanofluid concentration have significant effects on the thermal conductivity and the hot fluid flow rate has no significant effect on the thermal conductivity of graphene/water nanofluids. Normal Plot, Pareto Chart, Residual Plots, Main Effects and Interaction Plots, Contour Plots were drawn with thermal conductivity of graphene/water nanofluids as a response factor. As volume concentrations and hot fluid inlet temperatures increased, the thermal conductivity increased significantly. The maximum thermal conductivity obtained in our study is 0.728 W/m K for graphene/water nanofluids at the hot fluid inlet temperature of 85°C and nanofluid concentration of 1.0 Vol%. 
